We present, for the first time, the design, development and testing of a portable ultra-low velocity flow sensor with a disposable architecture for use in medical applications. 3D-microprinting technique was used to fabricate high aspect ratio microscopic hair-like structures from conducting polymers, in particular, poly(3,4-ethylenedioxythiophene):polystyrene-sulfonate (PEDOT:PSS). These high aspect ratio micro-hairs are flexible and conductive that can respond to air flowing over them. A disposable and portable flow sensor with a modular design that allows tuning of measurement range was developed, for integration with an automated neonatal resuscitator to provide closed-loop feedback. The developed portable sensor architecture is capable of real-time indication of the air flow velocity range down to few millimeters/second.
Introduction
Over 300,000 neonatal deaths/year have been reported worldwide due to birth asphyxia [1] and this number can greatly be reduced through timely administration of simple but effective neonatal resuscitation. Automation of this technique to ensure timely administration of the resuscitation has been recently realized [2] . This device is capable of administering a user-defined tidal volume to the lungs by means of high precision actuators accompanied by robust control electronics. This approach while proven to be effective, the lack of flow range feedback can potentially lead to hyperventilation or hypoventilation, both situations deemed to be extremely fatal. While numerous low-velocity flow sensors exist [3, 4] , they pose serious drawbacks when it comes to integration with automated medical resuscitators as they are complex to develop and more importantly the replacement of these flow sensors between uses to maintain hygiene standards of the medical procedure is not cost-effective. The expensive electronics to precisely measure the flow rate continuously and provide an analogue output of precise air flow rates is also superfluous for this particular medical application.
We present here, for the first time, a robust, portable and cost-effective disposable ultra-low velocity flow sensor with a digital response that indicates the flow rate range. Using a high-precision microstructure 3D printer, high aspect ratio micro-structures were fabricated from conducting polymers, PEDOT:PSS in particular. These high aspect ratio micro-hairs are highly flexible and conductive at the same time and can bend about their anchor point under the application of external force (drag force) experienced under low velocity air flows over them.
Materials and Methods

Sensing Micro-Hair Fabricaiton
PEDOT:PSS dispersion (1.3 wt% in H2O) is dissolved in dimethyl sulfoxide (DMSO) to improve the adhesion of PEDOT:PSS to the gold substrate while increasing the conductivity of the dispersion. A custom built high precision 3D-microstructure printer capable of creating nanometer scale 3D features was used to fabricate the micro-hairs for the flow sensor [5] . Figure 1 shows the time-lapse microscope image of the micro-hair printing process and the SEM image of a sample array of microhairs created using this process. The response of the micro-hairs to air flow solely depending on their stiffness, an micro-hair aspect ratio of 181.2 ± 15 (1 mm high, 5.5 ± 5 µm in diameter) were identified to be ideal with enough sensitivity to low velocity air flows and stiffness to ensure return to their initial state when the external stimulus is removed. Under an applied air flow the micro-hairs bend and make contact with a contact terminal placed mutually perpendicular to the micro-hairs axis and the flow direction. 
Disposable Micro-Hairsensing Element
Neonatal resuscitation being the intended target application demands sensors with high levels of hygiene capable of measuring flows between 1-8 mL/s. To allow replacement of the sensing element between each use to maintain the hygiene standards, 5 mm × 5 mm two sided PCB were designed (Figure 2a ). This PCB has 8 gold plated electrodes (pitch of 0.5 mm) on either side for connecting to the sensor electronics via a 0.5 mm 8-pin FFC connecting cable and allow printing of the sensing micro-hairs on the other side. Single micro-hair was precisely printed on each trace at specific distances (Table 1) [6] relative to each other to allow sensing of flows in the range 1-8 mL/s through a 15 mm inlet. This PCB is slotted into the flow channel's recess as shown in Figure 2b . The flow channel itself is casted from PDMS with the recess to hold the sensing element PCB ensuring the top surface of the sensing element PCB sits flush with the flow channel's walls. 
Results
The replacement of sensing element demands manual handling of the sensing element PCB while its placement in the recess and the micro-hair's dimension of φ5.5 ± 0.5 × 1 mm only allow sensing of low-velocity flows (0.66-0.97 m/s). A gradually converging and diverging flow channel amplifies the air-flow velocity enabling measurement of ultra-low velocity air flows with stiffer micro-hairs. The two halves of the soft flow channel ensures leakless flow through the channel retaining the flow regime and the inlet and the outlet pressure. The channel is fastened down within a Perspex enclosure mounted above a stationary platform. This platform also houses a precision micrometric stage which holds the contact terminal in place suspended above the sensing element PCB. The movement of this stage moves the contact terminal allowing replacement of the sensing element PCB without damaging the micro-hairs during the assembly process (Figure 3a) .
After positioning the sensing element PCB, the contact terminal is then moved towards the micro-hairs while the sensor is powered on. As the contact terminal makes contact with the first micro-hair, the current flow through this micro-hair is picked up by the sensor electronics and turns on the indicator LED. From this point, the contact terminal is moved away in the opposite direction by a distance of 13 µm. This distance is estimated based on the target flow rates [6] so as to initiate contact of the first micro-hair only above 1 mL/s flow through the 15 mm inlet. The flow sensor's performance is validated by connecting the device to a Vögtlin mass flow controller. The controller is connected to precisely allow a specific flow rate analogous to the automated resuscitator as shown in Figure 3a . The outlet flow from this controller is connected to the micro-hair flow sensor's inlet. The flow is ramped up and down across the entire flow range and the flow rates at which each micro-hair makes contact with the contact terminal is recorded at the instant individual LEDs turn on (Figure 3b) . Figure 3c shows the sensor's response to the air flow.
It was observed that the sensor output, when compared to the sensor's response estimated from the mathematical model [6] had a maximum deviation of 13% (0.5 ml.s -1 ). This is primarily attributed to the error introduced in the straightness of the contact terminal during the manual assembly process. Furthermore, the mathematical tool developed based on Lattice-Boltzmann method and large deflection models to estimate the micro-hair's response does not take into account factors such as the surface roughness of the micro-hair, parasitic drag, oscillations induced due to neighboring micro-hairs and the straightness of the contact terminal. Nevertheless, the mathematical tool was invaluable in predetermining the micro-hair distances from the contact terminal, reducing the need for trial and error approach to design the flow sensor for measuring particular flow rates.
Conclusions
The high aspect ratio induced sagging of the cantilever limits the shelf life to each sensing element to 6 days and this can be further increased by storing them suspended upside down. In-situ printing of high aspect-ratio micro hairs is an alternative method to ensure accurate sensor response. The sensing element materials i.e., the PCB and PEDOT:PSS for fabricating the micro-hairs are cheap enough to allow replacement of the sensing element after each use The flow sensor's measurement range can also be tuned by changing the position of the contact terminal, detailed analysis of which is beyond the scope of this research. This biocompatible, cost-effective (0. 20 NZD/sensing element), portable and disposable flow sensor for measuring ultra-low velocity flows suitable for medical use demonstrates biocompatibility of PEDOT:PSS in medical applications, further studies from a clinical point of view is to be carried out. 
